Probiotics have been suggested to modify placental trophoblast inflammation, systemic inflammation, and blood pressure, all potentially interesting aspects of preeclampsia. The authors examined the association between consumption of milk-based probiotic products in pregnancy and development of preeclampsia and its subtypes. The study was performed in the Norwegian Mother and Child Cohort Study by using a prospective design in 33,399 primiparous women in the years [2002][2003][2004][2005][2006][2007][2008]. The intake of milk-based products containing probiotic lactobacilli was estimated from a self-reported food frequency questionnaire. Preeclampsia diagnoses were obtained from the Norwegian Medical Birth Registry. Intake of probiotic milk products was associated with reduced risk of preeclampsia. The association was most prominent in severe preeclampsia (adjusted odds ratio (OR) ¼ 0.79, 95% confidence interval (CI): 0.66, 0.96). With probiotic intakes divided into categories representing no, monthly, weekly, or daily intake, a lower risk for preeclampsia (all subtypes) was observed for daily probiotic intake (OR ¼ 0.80, 95% CI: 0.66, 0.96). Lower risks for severe preeclampsia were observed for weekly (OR ¼ 0.75, 95% CI: 0.57, 0.98) and daily (OR ¼ 0.61, 95% CI: 0.43, 0.89) intakes. These results suggest that regular consumption of milk-based probiotics could be associated with lower risk of preeclampsia in primiparous women.
Preeclampsia is a serious pregnancy condition associated with raised blood pressure (hypertension) and proteinuria. The condition may affect multiple organs and is associated with a poor pregnancy outcome. Preeclampsia is one of the leading causes of maternal death worldwide and estimated to influence between 2% and 8% of all pregnancies (1, 2) .
Endothelial dysfunction with concomitant activation of the clotting cascade is assumed to be an important part of the pathogenesis of preeclampsia (3) and, to this end, a causal link has been suggested between abnormal hemostasis and inflammation (4) . Modifications of the maternal immune system and the underlying inflammatory level may therefore be important in the pathogenesis of preeclampsia, a notion further implicated through association of maternal infections with an increased risk of preeclampsia (5, 6) . There is, in addition, a growing consensus for differences in the underlying pathogenesis of subtypes of preeclampsia, with an increased inflammatory response seeming to play a more prominent role in early onset (7, 8) and severe (9-11) preeclampsia.
The numerous metabolic markers of systemic inflammation increased in preeclampsia are closely related to oxidative stress (12) , but intervention trials have failed to show beneficial influence of antioxidant vitamin supplementation on preeclampsia incidence (13) . The gastrointestinal tract represents the largest immune interface with the environment, but controlled intervention trials with diverse diets are not feasible in pregnancy. However, several epidemiologic studies have indicated that consumption of fruits, vegetables, and dietary fiber is associated with lower preeclampsia risk (14) (15) (16) . In addition, plant foods may influence preeclampsia through intestinal antiinflammatory mechanisms (17) .
Probiotics are known to modulate gastrointestinal health through suppression of pathogenic bacteria and, more recently, to affect human health by pathophysiological processes involved in hypertension, inflammation, renal function, and diabetes (18) .
Intake of food with probiotics might therefore influence and reduce pregnancy complications associated with hypertension and inflammation (19, 20) . The suggested rationale for this is a reduction in the systemic inflammatory state through probiotic modification of the inflammatory response. Probiotics have been shown to modulate human gene expression in the gut lining similar to that of drugs for conditions including inflammation and high blood pressure (21) . Probiotic strains from the species Lactobacillus acidophilus, Lactobacillus casei, and Lactobacillus rhamnosus each induced differential gene-regulatory networks and pathways in the human mucosa similar to response pathways associated with the regulation of immune responses (21) .
In a recent study by Yeganegi et al. (22) , it was shown that the supernatant of the probiotic bacteria L. rhamnosus GR-1 modified the lipopolysaccharide inflammatory response in placental trophoblast cells, potentially a key cell type in preeclampsia.
We hypothesized that intake of food with probiotics might delay and reduce incidences of preeclampsia in general and particularly of early onset or severe preeclampsia through the reduction of inflammatory responses. The aim of the present study was to investigate the association between consumption of probiotics in milk-based products and development of preeclampsia in a large prospective cohort of nulliparous Norwegian women.
MATERIALS AND METHODS

Population and study design
The data set is part of the Norwegian Mother and Child Cohort Study (MoBa), initiated by and maintained at the Norwegian Institute of Public Health (23) . In brief, MoBa is a nation-wide pregnancy cohort that, in the years from 1999 to 2009, included 108,000 pregnancies. Women were recruited to the study through a postal invitation in connection with their first routine ultrasound examination (23) . By 2006, the participation rate among primiparous women was 43.2% (24) . Evaluation of a potential bias due to self-selection in MoBa showed that, despite differences in prevalence estimates between the cohort participants and the total population of pregnant women, no statistically relative differences in association measures were found regarding the 8 exposureoutcome associations evaluated (24) . The women were asked to provide biologic samples and to answer 3 questionnaires during pregnancy. The data included in this study are from 2 questionnaires answered in gestational weeks 15 (questionnaire 1) and 17-22 (questionnaire 2), respectively. Questionnaire 2 is a food frequency questionnaire, while questionnaire 1 is a general questionnaire covering health, exposures, lifestyles, and background factors. Pregnancy and birth records from the Medical Birth Registry of Norway (MBRN) are linked to the MoBa database (25) . Informed consent was obtained from each participant before the study. The study was approved by the Regional Committee for Ethics in Medical Research and the Norwegian Data Inspectorate.
This study uses the quality-ensured data files released for research in 2009 (version 4). At the time of this analysis, 39,199 primiparous women had answered the first MoBa questionnaire and were recorded in the MBRN with singleton births. Of these, 34,160 (87%) had also answered version 2 of the food frequency questionnaire (26) , and 33,549 had registered a valid food intake (total energy: >4,500 kJ and <20,000 kJ per day). The range of acceptable energy intake in MoBa has been evaluated elsewhere (26) . We excluded women with chronic hypertension, resulting in a final study sample of 33,399 (85%). Women in the study were slightly older, included more nonsmokers, and were more highly educated women than those excluded. The incidence of preeclampsia was lower in the study sample (5.3%) than in the excluded women (7.8%).
Dietary information
The MoBa food frequency questionnaire (downloadable at http://www.fhi.no/dokumenter/011fbd699d.pdf) was completed in weeks 17-22 of gestation. The dietary data used in this study were collected from February 2002 to November 2008. The food frequency questionnaire is a semiquantitative questionnaire designed to capture dietary habits and intake of dietary supplements during the first 4-5 months of pregnancy (26) . The food frequency questionnaire asked how often the women had consumed subtypes of milk and yogurt, clearly distinguishing probiotic milk or yogurt from other milk items. The probiotic items were Biola milk (Tine SA, Oslo, Norway), Biola yogurt (Tine SA), and Cultura milk (Tine SA). Intake was reported by marking 1 of 11 alternative intake frequencies ranging from ''never'' to ''8 or more times per day.'' The lowest possible intake for each item was 6.6 mL/day (1 glass monthly), and the highest possible intake was 1,600 mL/day (maximum of 8 glasses daily).
FoodCalc (27) and the Norwegian Food Composition Table ( 28) were used to calculate food and nutrient intakes. A validation study showed that, relative to a dietary reference method and several biologic markers, the MoBa food frequency questionnaire produces a realistic estimate of habitual intake and is a valid tool for ranking pregnant women according to high and low intakes of energy, nutrients, and food (29) . The relative validity of reported milk and dairy intakes was evaluated separately. The correlation coefficients for milk and yogurt intakes ranged from 0.51 to 0.70, indicating good agreement between the MoBa food frequency questionnaire and the reference method for estimating milk and yogurt intakes (30) .
Intake of probiotic milk products was first treated as a dichotomous variable (intake yes or no), and then the estimated intake was categorized into 4 groups: none, low, moderate, and high intakes. These groups were based on intake quartiles among consumers. The 2 middle quartiles were combined, and the groups reflected low, moderate, and high intakes corresponding to less than 1 portion weekly, 1-6 portions weekly, and 1 or more portions daily.
The products classified as containing probiotics in this study are milk-based beverages containing probiotic lactobacilli. Biola probiotic milk and yogurt contain L. acidophilus LA-5, B. lactis Bb12, and L. rhamnosus GG, while Cultura probiotic milk contains L. acidophilus LA-5 and B. lactis Bb12. These were the only widely used probiotic food items available in the market at the time of the study. The content of probiotic bacteria in these beverages is 10 8 probiotic bacteria/mL, which ranges from 1.4 3 10 10 to 1.6 3 10 11 probiotic bacteria per day in the high intake group. Information regarding the use of probiotic supplements was not included in the current study. However, in a more recent subsample of the cohort, less than 0.5% of the women had reported use of supplements containing probiotic substances.
The outcome variable
The main outcome was preeclampsia in the present pregnancy as registered in the MBRN (25) . Information provided to the registry is based on forms completed by the midwives after birth. The form has 5 check-off boxes relevant to preeclampsia: hemolysis, elevated liver enzymes, and low platelet count (HELLP syndrome); eclampsia; early onset preeclampsia (diagnosed before 34 weeks); mild preeclampsia; and severe preeclampsia. For the present study, the diagnosis of preeclampsia was given if any of the above-mentioned diagnoses were present. In Norway, all pregnant women receive free antenatal care. Blood pressure measurement and urinalysis for protein are carried out at each antenatal visit. According to guidelines issued by the Norwegian Society of Obstetrics and Gynecology, the diagnostic criterion for preeclampsia is blood pressure >140/90 after 20 weeks' gestation, combined with proteinuria >þ1 dipstick on at least 2 occasions. Preeclampsia is diagnosed as severe preeclampsia if blood pressure is 160/110 (31).
Other variables
Adjusting variables in the logistic regression model were chosen according to known risk factors for preeclampsia development: maternal prepregnant body mass index, height, educational attainment, smoking status, dietary supplement use, and total energy intake. Self-reported prepregnancy weight and height were used to calculate body mass index (weight (kg)/height (m) 2 ). Body mass index was divided into World Health Organization categories (<18.5, 18.5-24.9, 25-29.9, 30-34.9, and 35 kg/m 2 ), maternal height into quartiles, length of education into 3 categories (12 years, 13-16 years, 17 years), and first trimester smoking into 3 categories (nonsmokers, occasional smokers, and daily smokers). Dietary supplement use and dietary fiber intake were included among the confounding variables on the basis of previous studies of preeclampsia in MoBa (15, 32) . Dietary supplement use was divided into 3 categories (no supplement use, supplements without vitamin D, and supplements including vitamin D). Maternal age at delivery was retrieved from the MBRN and used as a continuous variable except in Table 2 , where it was divided into 4 categories (<20, 20-29, 30-39, and 40 years). Total energy and fiber intakes were divided into quartiles for Table 2 but used as continuous variables in the regression models. We examined sex of the fetus among potential confounding variables on the basis of the results of a significant sex difference in inflammatory response to probiotics as reported by Yeganegi et al. (22) .
Statistical methods
We used independent sample t tests for differences between groups and Pearson's chi square for nominal categories. We estimated odds ratios for developing preeclampsia with and without adjustment for potential confounders using multivariate logistic regression models. Preeclampsia (all types) and subtypes of preeclampsia were examined as separate outcome variables. The maternal characteristics and lifestyle variables examined as potential confounding variables were as follows: maternal age at delivery, maternal height, prepregnant body mass index, education, marital status, pregnant smoking status, dietary supplement use, sex of the fetus, total energy intake, intake of nonprobiotic milk and nonprobiotic yogurt, fiber intake, and intakes of protein, calcium, and fat. Variables were included in the final model if their inclusion influenced the association between probiotics and preeclampsia or if there was a strong theoretical reason for keeping them in the model. The variables included in the final models were as follows: prepregnancy body mass index, height, education, smoking, and intakes of total energy, fiber, and nonprobiotic milk and yogurt. A total of 1,444 (5.0%) women had missing values on maternal weight, height, or educational attainment. Participants with missing data on a variable were categorized in a ''missing'' category. This may, however, introduce bias. A new data set with imputed missing data values was created by using the multiple imputations option in SPSS statistical software (SPSS, Inc., Chicago, Illinois). Running the adjusted logistic regression models in the data set with imputed values rather than with missing strata did not change the results.
The significance level was set at 5% (2 tailed), and all analyses were performed by using PASW statistics 17 (SPSS, Inc.).
RESULTS
Among the 33,399 nulliparous women, 1,755 (5.3%) developed preeclampsia. Women with preeclampsia reported lower consumption of probiotic milk products than women without preeclampsia, while the intakes of other nonprobiotic milk products did not differ between the 2 groups ( Table 1 ). The energy-adjusted intakes of protein and dietary fiber were lower in women who developed than in those who did not develop preeclampsia ( Table 1 ). The reported intake of probiotic milk products increased with increasing maternal age, height, length of education, dietary fiber intake, and total energy intake and decreased with increasing body mass index. The intake was lower in smokers, in single women, and in women who did not use dietary supplements (Table 2) . We examined the intake of any probiotic milk products compared with no intake in all preeclampsia cases and in the registered subtypes of preeclampsia (Table 3 ). In crude analyses, any probiotic use was associated with reduced risk of preeclampsia (all types), as well as with late-onset, mild, and severe preeclampsia. After adjustment for confounders, probiotic use was associated only with reduced risk of the subtype severe preeclampsia (odds ratio (OR) ¼ 0.79, 95% confidence interval (CI): 0.66, 0.96).
When probiotic intake was grouped into no, low, moderate, and high intakes, high intake was associated with reduced risk of all preeclampsia. The incidence of preeclampsia was 5.6% among nonconsumers and 4.1% among high consumers. In the adjusted model, high consumers had 20% lower risk of preeclampsia than did nonconsumers (OR ¼ 0.80, 95% CI: 0.66, 0.96) ( Table 4 ). The incidence of severe preeclampsia was 1.8% among nonconsumers of probiotics and 1.0% in the high intake group. Compared with no intake, moderate and high intakes were associated with reduced risk of severe preeclampsia, with the lowest risk in the high intake group (OR ¼ 0.61, 95% CI: 0.43, 0.89) ( Table 4 ). Adjustment for gestational or preexisting diabetes mellitus did not change the association between probiotics and severe preeclampsia (data not shown).
Because severe preeclampsia often leads to medically indicated preterm delivery (2), we examined the association between any probiotic intake and severe preeclampsia in preterm (<37 weeks) and term (37 weeks) pregnancies separately. The prevalence of severe preeclampsia was 12.8% in preterm and 0.9% in term pregnancies. However, the protective effect of any probiotic intake was similar in both preterm (crude OR ¼ 0.78, 95% CI: 0.58, 1.05) and term (crude OR ¼ 0.79, 95% CI: 0.62, 1.01) pregnancy groups. We also examined the association in normal weight (body mass index, <25) and overweight (body mass index, 25) women separately, because obesity is a known risk factor for preeclampsia (2) . The prevalence of severe preeclampsia was 2.5% in overweight and 1.2% in normal weight women. The protective effect of any probiotic intake was evident in both groups but was stronger in normal weight women (crude OR ¼ 0.74, 95% CI: 0.58, 0.95) than in overweight women (OR ¼ 0.83, 95% CI: 0.62, 1.10). 
DISCUSSION
In this study, we investigated the relation between intake of probiotic milk products during the first half of pregnancy and the risk of developing preeclampsia. High intake of probiotics (daily intake of at least 140 mL) was associated with reduced risk of all preeclampsia (OR ¼ 0.80, 95% CI: 0.66, 0.96), although the association was most prominent for severe preeclampsia (OR ¼ 0.61, 95% CI: 0.43, 0.89). The results indicated a weak dose-dependent protection with increasing intake compared with no intake.
Preeclampsia is one of the leading causes of maternal and perinatal morbidity and mortality also in developed countries (2). The etiology and pathogenesis of preeclampsia are not fully understood, but increasing evidence suggests an excessive maternal systemic inflammatory response to pregnancy (4, 5, 33, 34) . Previous studies in MoBa reported reduced risk of preeclampsia with use of vitamin D-containing supplements (32) and adherence to a healthy dietary pattern (15) . The underlying biologic explanation for the association of these dietary components with preeclampsia remains unclear but may be related to modification of immunologic, oxidative, and inflammatory responses to pregnancy. Dietary fiber is an essential constituent of a healthy diet, reflecting intake of vegetables, fruits, and unrefined grains, and has been shown to reduce systemic inflammation (17) . A previous study in MoBa reported a protective effect of probiotic milk products on preterm delivery (20) . Compared with women reporting no intake, those reporting daily intake of probiotics had significantly lower risk of spontaneous preterm delivery. Women who developed preeclampsia were not included in the previous study. Both spontaneous preterm delivery and preeclampsia have been associated with increased levels of systemic inflammatory markers (5, 35) .
Our biologic working hypothesis was dual with both a probiotic-mediated local modifying effect on placental trophoblasts and a modifying effect on overall systemic inflammation levels. We observed a protective effect of probiotic intake and an association between moderate or high intake of probiotic dairy products and severe preeclampsia ( Table 4) . The results are especially interesting in light of a study by Yeganegi et al. (22) , in which supernatant fluid of L. rhamnosus GR-1 was found to influence the lipopolysaccharide response in placental trophoblast cells, connecting an observable modification of inflammatory response directly to cell types highly interesting in the development of preeclampsia. Preeclampsia is a hypertensive disorder involving abnormal angiogenic factors (4, 36) . Clinical intervention trials of milk-based probiotic products have reported reduced blood pressure in nonpregnant individuals with probiotic intake (37, 38) . It could be speculated that probiotics may influence the risk of preeclampsia through an indirect modification of blood pressure. A daily intake of probiotic milk products in the present study is comparable to the amounts sufficient to show effect on blood pressure in the prior mentioned intervention studies (37, 38) . The main strengths of this study include the large sample of nulliparous women and the link to the Medical Birth Registry of Norway. MoBa is a large pregnancy cohort, and participants were recruited from both urban and rural regions and represented all age and socioeconomic groups (23) . The study has a prospective design, and information about dietary intake and potential confounders was collected prior to onset of preeclampsia. The food frequency questionnaire asks about dietary intake during the first 4-5 months of pregnancy and was developed and validated for use in this cohort (26, 29) . However, dietary intake of probiotic milk products was assessed only once during pregnancy, and there may have been changes in consumption that have not been registered. Food frequency questionnaires are considered rather imprecise instruments and are especially challenging to answer for the first period of pregnancy when many women experience nausea and changes in appetite and eating patterns. Nevertheless, the validation study showed that, relative to a dietary reference method and a number of biomarkers, including iodine as a marker of milk and dairy intake, the MoBa food frequency questionnaire produces realistic estimates of habitual intakes and is a valid tool for ranking pregnant women according to high or low intakes of foods and nutrients (29, 30) .
We reduced the possibility of confounding by adjusting for relevant factors, but in spite of this we cannot rule out the possibility that residual or unmeasured confounding may still exist. The intake of probiotic milk products was associated with characteristics indicative of a health-conscious lifestyle, with higher probiotic intake in nonsmoking, lean, and well-educated women (Table 2) . We included dietary fiber among confounding variables in order to adjust for an overall healthy dietary behavior. The association between probiotic intake and severe preeclampsia was stronger in women with a body mass index of less than 25 than in the group having a body mass index of 25 or greater. Recent studies have established a link between increasing body mass index and low-grade systemic inflammation (39, 40) . As maternal obesity is an established risk factor for all major pregnancy complications including gestational diabetes, preeclampsia, large-for-gestational-age babies, preterm births, and cesarean delivery (41) (42) (43) (44) , the increased possibility of other adverse pregnancy outcomes may explain why the influence of probiotic intake was not as pronounced in the high body mass index group.
The prevalence of preeclampsia in the present study is similar to that seen in the overall Norwegian population (MBRN). The validity of the preeclampsia diagnosis in Abbreviations: CI, confidence interval; HELLP, hemolysis, elevated liver enzymes, and low platelet count; OR, odds ratio.
a Low-median: 13.2 mL/day, minimum: 6.6 mL/day, maximum: 13.2 mL/day (less than weekly); moderate-median: 28.5 mL/day, minimum: 19.7 mL/day, maximum: 114 mL/day (1-6 times weekly); high-median: 200 mL/day, minimum: 142 mL/day, maximum: 1,600 mL/day (greater than or equal to daily intake).
b All preeclampsia represents 5.3% of the total. c Adjusted for prepregnancy body mass index, height, education, smoking, intake of fiber, energy, nonprobiotic milk, and nonprobiotic yogurt.
d Severe preeclampsia, including eclampsia and HELLP syndrome, represents 1.6% of the total.
MBRN is presently being assessed. Preliminary results indicate a positive predictive value of the preeclampsia diagnosis of more than 80% (unpublished data). In this study, the information about diet and potential confounding factors was collected prior to the onset of preeclampsia. Thus, systematic (differential) misclassification of preeclampsia according to consumption of probiotic milk products seems unlikely. However, nondifferential misclassification may exist, but any misclassification of preeclampsia is likely to be randomly distributed across consumers and nonconsumers of probiotic milk products. Such nondifferential misclassification will result in underestimation of the true association between probiotic intake and preeclampsia.
In conclusion, this large observational study indicates an independent protective association between intake of probiotic milk products and preeclampsia, especially severe preeclampsia, suggesting that probiotics might specifically ''target'' and modify the type of inflammation underlying severe preeclampsia. Further strain/species-specific investigation is warranted with the use of randomized controlled trials for further evaluation of the effect of probiotics on preeclampsia.
